The preferential solvation parameters by ethanol (EtOH) or propylene glycol (PG) of daidzein were derived from their solution thermodynamic properties by means of the inverse Kirkwood-Buff integrals and the quasi-latticequasi-chemical (QLQC) methods. According to IKBI method, the preferential solvation parameter by the co-solvent, x1,3, is negative in water-rich mixtures but positive in co-solvent-rich mixtures in both kinds of systems. This could demonstrate the relevant role of hydrophobic hydration around the aromatic rings in the drug solvation in water-rich mixtures. Furthermore, the more solvation by co-solvent in co-solvent-rich mixtures could be due mainly to polarity effects and acidic behavior of the hydroxyl groups of the compound in front to the more basic solvents present in the mixtures, i.e. EtOH or PG. Otherwise, according to QLQC method, this drug is preferentially solvated by the co-solvents in all the mixtures in both kind of systems.
INTRODUCTION
As has been widely described, phytoestrogens are a diverse group of naturally derived compounds that resemble 17-beta-estradiol (E 2 ) and they may protect against a wide range of bad conditions including several forms of cancer, cardiovascular disease, osteoporosis and menopausal symptoms [1] . In particular, some studies have indicated the possible effect in prevention of breast cancer [2] . Daidzein ( Figure  1 , IUPAC name: 7-Hydroxy-3-(4-hydroxyphenyl) chromen-4-one, molar mass: 254.23 g mol -1 , CAS 486-66-8) could be considered as a phytoestrogen compound and it corresponds to an isoflavone, which is abundant in soybean [3] . It has been demonstrated to be a potent antioxidant and has gained relevance in relation to the human health [4] .
Solubility determination of drugs and of similar organic compounds, in all possible co-solvent mixtures, is very important for scientists involved in several development stages such as substances purification and design of homogeneous liquid medicines [5] .
Co-solvency has been employed in pharmacy as a solubilizing method in order to design homogeneous pharmaceutical liquid dosage forms during a long time [5] [6] [7] . In this way, two researches have been carried out to evaluate the thermodynamic effect of mixtures composition and temperature on the solubility of daidzein in ethanol + water and propylene glycol + water mixtures [8, 9] . It is important to note that ethanol and propylene glycol are the most widely used cosolvents to design and develop liquid pharmaceutical products [10] ; besides, they are also used as additives in several kinds of industrial foods [11] . Furthermore, they are considered as environmentally benign solvents, useful for the purification procedures of several food components [12, 13] . Nevertheless, the preferential solvation of daidzein by the solvents in the respective mixtures i.e. the co-solvent specific composition around the daidzein molecules, has not been studied. This knowledge would lead to a better understanding of the molecular phenomena occurring during the solution processes.
In this way, the inverse Kirkwood-Buff integrals (IKBI) are an efficient technique for analyzing the preferential solvation of non-electrolyte compounds in co-solvent mixtures, describing the local compositions around the solute, by the components present in the F o r A u t h o r ' s P e r s o n a l U s e same mixtures [14] [15] [16] . Applied to the present research, this treatment depends on the values of the standard molar Gibbs energies of transfer of daidzein from neat water to the co-solvent + water mixtures and also on the excess molar Gibbs energy of mixing of the binary mixtures without dissolved solute on them. In similar way, the quasi-lattice quasi-chemical (QLQC) approach is also useful to evaluate preferential solvation, although it is not too much rigorous as the IKBI approach is. Thus, this method assumes that the number of nearest neighbors of a molecule (i.e. the lattice parameter Z) is the weighted mean of the lattice parameter of the neat components. It also presumes that the interaction energy of the molecules of any component with the other molecules is independent of the nature of these neighbors. This model also assumes that ideal volumes and ideal entropies of mixing take place. The main advantage of this method is that non-derivative quantities are required as they are in the case of the IKBI method [14] [15] [16] .
In this research the IKBI and QLQC approaches were applied to evaluate the preferential solvation of antioxidant agent daidzein in the binary mixtures conformed by ethanol (EtOH) or propylene glycol (PG) and water (W) in order to contribute to the understanding the respective molecular behaviors. QLQC method is applicable in both co-solvent systems because the maximum solubility of daidzein is obtained in the neat co-solvents [8, 9] . The results are expressed in terms of the preferential solvation parameter ( x 1,3 ) of the solute by the co-solvent, i.e. ethanol or propylene glycol, according to the mixtures composition. Thus, this study is similar to that developed by analyzing the behavior of the analgesic drug ketoprofen in either EtOH (or PG) + water mixtures [17] . In this way, this research expands the use of IKBI and QLQC methods to studying the preferential solvation of organic compounds with interest in food chemistry.
THEORETICAL BACKGROUND
According to IKBI method, the solute solvation results in binary mixtures are expressed in terms of the preferential solvation parameter ( x 1,3 ) of the solute by the co-solvent (compound 1) according to the following expression:
where x 1 is the mole fraction of co-solvent in the bulk solvent mixture and x 1,3 L is the local mole fraction of cosolvent in the environment near to the solute molecule. If x 1,3 > 0 daidzein is preferentially solvated by cosolvent; on the contrary, if it is < 0 this compound is preferentially solvated by water. x 1, 3 values are obtainable from those of G 1,3 and G 1, 3 , and these in turn, are calculable from some thermodynamic data of the co-solvent mixtures with the solute dissolved on them, as it is shown in equations 2 and 3 [15, 18] :
Here T is the isothermal compressibility of the cosolvent + water solvent mixtures (expressed in GPa ). The function D is the derivative of the standard molar Gibbs energies of transfer of the drug (from neat water to cosolvent + water mixtures) with respect to the co-solvent proportion in the mixtures (expressed in kJ mol 1 , as also is RT). Finally, the function Q involves the second derivative of the excess molar Gibbs energy of mixing of the two solvents ( G 1+2 Exc ) with respect to the water proportion in the mixtures (also expressed in kJ mol 1 ) [15, 18] . These two quantities are calculated according to equations (4) and (5), respectively.
The preferential solvation parameter of the solute by the component 1 (i.e. co-solvent) can be calculated from the Kirkwood-Buff integrals as follows [15, 18] :
( )
Here V cor is the correlation volume of daidzein and it could be obtained by using the following relationship [15, 18] : F o r A u t h o r ' s P e r s o n a l U s e
where r 3 is the radius of daidzein (expressed in nm). However, the definitive correlation volume requires several iterations, because it depends on the local mole fractions around daidzein. These iterations are done by replacing the x 1,3 value in the equation (1) to calculate x 1,3 L until a non-variant value of V cor is obtained.
For the QLQC method [18] , the local mole fraction of co-solvent around the daidzein molecules is defined as:
In these equations, the lattice parameter (Z) is usually assumed as 10. In turn, N 1 and N 2 are the number of molecules of both components in the bulk, whereas, N 11 , N 22 , and N 12 are the number of neighboring pairs of these molecules present in the quasi lattice. Equation (11) expresses the difference in the molar neighbor interaction energies of daidzein with the co-solvent and water ( E 12,3 ) by the molar Gibbs energy of transfer of daidzein from water to co-solvent per neighboring lattice. E 12 denotes the molar energy of interaction of solvent on the neighboring quasi-lattice sites. It is important to keep in mind that only the Gibbs energy of transfer of daidzein between the neat solvents and the excess Gibbs energy of mixing, at equimolar composition of both solvents, are required for this method [18] .
RESULTS AND DISCUSSION
Standard molar Gibbs energy of transfer of daidzein from neat water to all the co-solvent + water mixtures ( Table 1 ) was calculated and correlated to non-regular polynomials by using the equation (13) from the solubility data already reported [8, 9] . Thus, the coefficients of the obtained polynomials are shown in Table 2 .
D values (Table 3) were calculated from the first derivative of the polynomial models solved according to the proportion of co-solvent in the mixtures. As has been made previously with other similar compounds, Values calculated from the solubility values reported by Zeng et al. [9] . c x1 are the mole fractions of co-solvent in the co-solvent + water mixtures free of daidzein. Q and RT T values, as well as the partial molar volumes of co-solvents and water, in these binary mixtures, were taken from the literature [19] [20] [21] . Otherwise, the partial molar volumes of non-electrolyte drugs in mixtures are not frequently reported in the literature. For this reason, as was made previously with other drugs in similar studies [22] , the molar volume of daidzein was considered here as independent of cosolvent composition and temperature. Thus, the V 3 value presented in Table 4 was calculated according to the method proposed by Fedors [23] . Furthermore, the molecular radius of daidzein was also calculated as 0.383 nm from the respective molar volume by using the equation (14) , where N Av is the Avogadro number. ( 1 4 ) Table 5 shows that the G 1,3 and G 2,3 are negative in all compositions, at both temperatures considered, indicating that daidzein exhibits good affinity for both components in the mixtures i.e. co-solvent and water.
To use the IKBI method, the correlation volume was iterated three times by using the equations (1), (6) and (7) to obtain the values reported in Table 6 . V cor is almost independent on temperature in water-rich mixtures but it increases slightly in co-solvent-rich mixtures. This behavior is proportional to the increasing Based on the molecular structure of daidzein, this compound could act in solution as a Lewis acid because of the hydrogen atoms in its -OH groups (Figure 1) to establish hydrogen bonding with the proton-acceptor functional groups of the solvents (oxygen atoms in -OH groups). Additionally, daidzein could act as a Lewis base thorough its free electron pairs in oxygen atoms of -O-, >C=O, and -OH groups (Figure 1) to interact with acidic hydrogen atoms of water and EtOH or PG.
Regarding to IKBI method, the values of x 1,3 vary non-linearly with the co-solvent proportion in the aqueous mixtures ( Table 7, Figures 2 and 3) . Addition of co-solvent to water makes negative the x 1,3 values of daidzein from the pure water up to the mixture with In the mixtures with composition 0.24 (or 0.20) < x 1 < 1.00, the local mole fractions of co-solvents are greater than those for water. In this way, the co-solvent action may be related to the breaking of the ordered structure of associated water (present as aggregates stabilized by hydrogen bonding) around the non-polar moieties of daidzein. This fact could increase the drug solvation, exhibiting maximum values near to x 1 = 0.40 in both systems. It is conjecturable that in intermediate compositions and in co-solvent-rich mixtures, daidzein is acting as Lewis acid with both co-solvents, EtOH or PG, because these co-solvents are more basic than water, as described by the respective Kamlet-Taft hydrogen bond acceptor parameters, i.e. = 0.75 for EtOH, 0.78 for PG and 0.47 for water [26, 27] .
Otherwise, to use the QLQC method, the excess Gibbs energy of mixing values of the equimolar mixture of EtOH + water mixtures were calculated according to some equations already presented in the literature [19, 27] , whereas for PG + water mixtures they were taken directly from the literature as: -6.06 x 10 -2 at 298.15 K and -1.35 x 10 -2 kJ mol -1 at 313.15 K [28] . In accordance with the QLQC method ( Table 7 and EtOH + water and PG + water mixtures, respectively. As has already been indicated in the literature, the IKBI method is more adequate than QLQC method to discriminate the effect of the co-solvent composition on the local mole fraction of the solvents around the drug molecules, in particular in the water-rich mixtures [19, 21] . Nevertheless, it is important to keep in mind that QLQC method only requires the Gibbs energy of transfer of daidzein from neat water to neat co-solvents and the excess Gibbs energy of mixing of the cosolvent mixtures with composition x 1 = 0.50, and thus, it is more easy to use.
Finally, just as a comparison, Figure 4 shows the preferential solvation behavior of daidzein in both cosolvent + water systems at 313.2 K. It is noteworthy that in all cases, the magnitudes of IKBI and QLQC preferential solvation parameters by water or cosolvent, are higher in EtOH + water mixtures compared with PG + water mixtures. On the other hand, the composition region where daidzein is preferentially solvated by water is also higher for EtOH + water mixtures. These behaviors are similar to those reported for ketoprofen in the same mixtures [17] . In a first approximation, apparently these differences could be attributed to the polarity of every co-solvent (compound 1). Thus, the Hildebrand solubility parameters ( 1 ) , Table 4 ), but the difference in polarity between daidzein and cosolvent is higher with EtOH. Nevertheless, an opposite behavior in the mixtures composition has been reported for some sulfonamides in EtOH + water mixtures vs. 1-propanol + water mixtures [30] . In this way, it is clear that besides polarity, some other properties of the mixtures would be involved in the preferential solvation of these compounds. 
CONCLUSIONS
Regarding to IKBI method daidzein is preferentially solvated by water in water-rich mixtures but preferentially solvated by co-solvents in mixtures with compositions from x 1 = 0.24 (or 0.20) to neat co-solvent in EtOH + water or PG + water mixtures at both temperatures considered. It is possible that the hydrophobic hydration around both aromatic rings of daidzein plays a relevant role in the drug solvation in water-rich mixtures. The more drug solvation by cosolvents in mixtures of similar composition and in cosolvent-rich mixtures could be due to the acidic behavior of daidzein towards co-solvents, which are the more basic solvents. On the other hand, according to the QLQC method, this compound would be preferentially solvated by the co-solvents in all the possible mixtures. Nevertheless, it is important to consider that IKBI is more rigorous than QLQC and more reliable results are thus obtained with the former method. Finally, although the specific interactions between daidzein and the components in the mixtures is still unclear, it is noteworthy that the treatments developed here contribute to the understanding of the physicochemical behavior of pharmaceutical and food components in complex aqueous solutions. 
